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Lipid peroxidation during myocardial ischaemia
induced by pacing

K G Oldroyd, M Chopra, A C Rankin, J J F Belch, S M Cobbe

Abstract
Oxygen derived free radical generation
can be shown in experimental models of
myocardial ischaemia and reperfusion
and may cause cellular damage by
peroxidising polyunsaturated membrane
phospholipids. An attempt was made to
quantify human intracardiac lipid
peroxidation during transient myo-
cardial ischaemia by measuring the
aortic and coronary sinus concentrations
of malondialdehyde (a marker of lipid
peroxidation) before, during, and after
incremental pacing. Twenty six patients
were paced until they had severe chest
pain or 2 mm ST segment depression or
they reached a paced rate of 180 beats/
min. They were divided into two groups
according to whether or not lactate was
produced during pacing. Twelve patients
(group 1), all with coronary artery
disease, produced myocardial lactate
during pacing. None of the other 14
patients (group 2), half of whom had
coronary disease, produced lactate
during pacing. Concentrations of malon-
dialdehyde in the aorta and coronary
sinus were significantly higher in group 1
than in group 2. Five minutes after the
end of pacing coronary sinus malondial-
dehyde concentrations in gro.up 1 had
increased significantly from baseline
values. There were no changes with time
in the coronary sinus concentration of
malondialdehyde in group 2 or in the
aorta in either group. The negative
malondialdehyde extraction ratio in
group 1 suggests that intracardiac lipid
peroxidation occurs during transient
human myocardial ischaemia.
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Electron paramagnetic resonance spectroscopy
was used to provide direct evidence of oxygen
derived free radical formation after coronary
artery ligation in open chested dogs, but this
involves the intracoronary infusion of a spin
trap, in this case, oa-phenyl N-tert-butyl nitrone
and has not as yet been performed in humans.'
The evidence implicating free radicals in
the myocardial cell damage associated
with myocardial ischaemia and particularly
reperfusion is conflicting and rests largely on
the results of studies of the use of various
radical scavenging agents in animal models.2'
The enzyme superoxide dismutase, which
scavenges free radicals, was shown to reduce
infarct size in a canine model of coronary artery
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occlusion/reperfusion,4 though this effect
could not be reproduced by another group
using a similar model.5 Allopurinol, an
inhibitor of the enzyme xanthine oxidase,
which helps to generate free radicals, has been
used in similar studies with the same conflict-
ing results.67 A problem common to all of this
work is the difficulty of confirming an equal
degree of ischaemia in each of the different
treatment groups. Ambrosio et al tried to avoid
this difficulty by quantifying the ischaemic
insult using "P magnetic resonance spectro-
scopy to measure continuously myocardial
phosphate content and intracellular pH. They
were able to show that recombinant human
superoxide dismutase accelerates the bio-
chemical and functional recovery in isolated
rabbit hearts subjected to periods of global
ischaemia.8
Most animal models of ischaemia/reper-

fusion used periods of total global ischaemia. It
is not known whether brief ischaemic insults
without complete cessation of nutrient flow,
such as occur during episodes of angina
pectoris, also result in the generation of
cytotoxic free radicals. As indicated above,
direct measurement of the chemical moieties
implicated (superoxide anion, hydroxyl
radical) is difficult owing to their extremely
short half lives. Free radical attack, however,
causes the oxidative degradation of poly-
unsaturated lipids in cell and lysosomal
membranes.910 Among the products of this age
and sex related lipid peroxidation,"1 various
cytotoxic aldehydes have been characterised
and shown to be, by themselves, capable
of inducing changes within biological mem-
branes.12" One of these, malondialdehyde, can
be measured in human plasma. We therefore
measured concentrations of malondialdehyde
and lactate in the aorta and coronary sinus
before, during, and immediately after
incremental cardiac pacing in patients with and
without coronary artery disease.

Patients and methods
PATIENT SELECTION
We studied 26 patients (19 men) aged 42-68
undergoing cardiac catheterisation for the
evaluation of chest pain. Patients with recently
unstable angina were excluded. All drug treat-
ment was continued until 24 hours before the
study. Thereafter only sublingual nitrates were
prescribed. Written informed consent was
obtained from each subject and the study was
approved by the ethics committee of Glasgow
Royal Infirmary.
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STUDY PROTOCOL
Patients fasted overnight and were sedated
with diazepam (10 mg orally). Under local
anaesthesia, disposable catheters were placed
in the coronary sinus (via the left basilic vein)
and the descending aorta (via the right femoral
artery). A temporary pacing wire was placed in
the right atrial appendage via the right femoral
vein. The position of the coronary sinus

catheter was confirmed by injecting a small
amount of contrast medium. Arterial blood
pressure and 12 electrocardiographic leads
were monitored continuously throughout the
study. Samples of arterial and coronary sinus
blood were taken simultaneously to measure

lactate and malondialdehyde.
The heart was then paced at just above the

resting sinus rate and the rate was increased by
10 beats/minute every two minutes until the
development of severe chest pain, 2 mm ST
segment depression, or a paced rate of 180
beats/minute. If atrioventricular block
developed before an end point was reached, the
pacing wire was repositioned in the right
ventricular apex and the study continued.
Repeat arterial and coronary sinus blood
samples were obtained at the peak pacing rate
and at 30 seconds and five minutes (cases 10-26
only) after the end of pacing.

Individual variations in coronary venous

anatomy, catheter placement, and the extent
and pattern of coronary artery disease mean

that biochemical changes in the coronary sinus
effluent do not always reflect continuing myo-

cardial ischaemia."4 In an attempt to minimise
this sampling error, and particularly in a study
designed to show biochemical evidence of
reperfusion injury, we decided to regard the
response to incremental pacing as positive only
when there was evidence of frank lactate
production (that is, lactate concentration in the
coronary sinus was higher than in the aorta).
We used frank lactate production as the marker
of an ischaemic response so that we could be as

certain as possible that the sampling catheter
was indeed draining an ischaemic area of
myocardium.

ASSAYS
Lactate was measured by a commercially
available enzymatic assay (Boehringer Diag-
nostica). Malondialdehyde was measured by
the technique of Santos et al."5 Plasma was

separated immediately after each pacing study

and all samples were assayed in duplicate on the
same day. The mean intra and inter assay
coefficients of variation in our laboratory are

5-00% and 7-7% respectively.

STATISTICAL ANALYSIS
The distribution of the data derived from
this study was assessed by calculating the
standardised skewness and kurtosis of each of
the variables. Group concentrations are
expressed as medians (inter-quartile range) for
non-parametric data or means (SEM) for
parametric data. Two tailed group compari-
sons were made by Wilcoxon signed rank and
Mann-Whitney tests or Student's t test for
paired and unpaired data as appropriate.
Extraction ratios were calculated in the con-
ventional manner from concentrations in the
aorta and coronary sinus.
Aorta - coronary sinus

Aorta
x 10000,

Results
LACTATE EXTRACTION AND CORONARY ARTERY
DISEASE
During pacing, myocardial lactate production
developed or increased in 12 patients (group 1).
The lactate extraction ratio, even at baseline,
was significantly less in group 1 than in group 2
(lactate extractors): + 18% (-7 to + 29) v

+ 40% (+ 25 to + 45), 2p = 0 01. Despite the
exclusion of patients with unstable or recently
unstable angina, three patients in group 1

showed biochemical evidence of ischaemia at
rest. By definition, all of the group 1 patients
were producing lactate at peak pacing rate,
while all 14 patients in group 2 continued to
have a positive extraction ratio: - 28% (- 70 to
-11) v + 16% (+ 10 to +30).
Tables 1 and 2 summarise the clinical and

anatomical characteristics of the patients in
both groups. The groups were comparable for
age and sex (mean ages, 56 v 54; men, 8/12 v 10/
14). All 12 patients in group 1 had obstructive
coronary artery disease, including in 10
patients a stenosis of at least 50% (diameter) in
the left anterior descending artery. Patients 6
and 7 did not have disease of the left anterior
descending artery but did develop evidence of
ischaemia in the anterolateral leads during
exercise and pacing. In half of the patients in
group 2, the results of coronary angiography

Table I Clinical and anatomical characteristics of lactate producers (group 1)

ST depression ( >I 0 mm)
Peak paced heart

Case no Age Sex Treatment rate (beats/min) Exercise Pacing CAD Left ventricle

1 60 M Ca, nitrate 180 II, III, aVF, V4-6 II, III, aVF, V4-6 3VD Abnormal
2 52 M BB, Ca, nitrate 130 V3-5 V3-6 3VD Normal
3 51 M BB, Ca, Asp 110 II, III, aVF, V4-6 II, III, aVF, V4-6 3VD Abnormal
4 57 M Nil 170 V2-5 V2-6 LAD Normal
5 60 F BB, Ca, Asp 170 II, III, aVF, V4-6 II, III, aVF, V4-6 LAD Normal
6 64 M BB, Ca, Asp 120 V2-6 V2-6 RCA Normal
7 60 M BB 140 I, II, aVL, V4-6 I, II, aVL, V4-6 RCA, Cx Normal
8 58 M BB, nitrate 150 V2-4 V2-4 3VD Abnormal
9 64 F BB 150 I, aVL, V2-6 I, aVL, V3-6 3VD Normal
10 43 M BB, Ca, nitrate 170 V1-4 V1-4 LAD Normal
11 59 F BB, Ca, nitrate 150 I, aVL, V2-6 I, aVL, V2-6 LAD, RCA Abnormal
12 53 M BB, nitrate 160 II, III, aVF, V3-5 II, III, aVF, V4-6 LAD, Cx Normal

CAD, coronary artery disease ( 5000 diameter stenosis); 3VD, 3 vessel disease; LAD, left anterior descending; RCA, right coronary artery; Cx, circumflex; Ca,
calcium antagonist; BB, ,B blocker; Asp, aspirin.
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Table 2 Clinical and anatomical characteristics of lactate extractors (group 2)

ST depression ( 10 mm)
Peak paced

Case no Age Sex Treatment heart rate Exercise Pacing CAD Left ventricle

1 61 M BB, nitrate, Asp 140 I, II, aVL, V2-6 I, II, aVL, V2-6 3VD Normal
2 49 F Nil 160 II, III, aVF, V4-6 V2-6 Nil Normal
3 49 M Nil 150 I, aVL, V5-6 V5-6 3VD Abnormal
4 51 F BB, nitrate 150 Nil II, III, aVF, V3-5 Nil Normal
5 51 M BB, Ca, nitrate 120 II, III, aVF, V4-6 II, III, aVF, V5-6 3VD Normal
6 47 F Nil 180 Nil II, III, aVE, V3-6 Nil Normal
7 53 M Ca, Asp 140 Nil Nil Nil Normal
8 50 F Ca, nitrate 160 Nil Nil Nil Normal
9 50 M BB 160 Nil Nil Nil Normal
10 65 M Ca, nitrate 150 II, III, aVF, V3-6 I, II, V4-6 3VD Normal
11 63 M Nil 160 V2-5 I, aVL, V3-6 Nil Normal
12 55 M BB, nitrate 180 Nil Nil LAD, RCA Abnormal
13 68 M BB, nitrate 150 II, III, aVF, V5-6 V3-6 3VD Normal
14 53 M BB, nitrate, Asp 170 Nil Nil 3VD Abnormal

See footnote to table I for abbreviations.

were normal. The other seven had coronary
artery disease; in all seven there were major
lesions in dominant right coronary arteries. In
two of these seven patients there was no

electrical evidence of ischaemia on exercise or
pacing. Four of the other five showed
ischaemia only in the inferior or inferolateral
leads. The venous drainage from the myocar-
dium supplied by the right coronary artery
usually drains into the proximal coronary
sinus, and in patients with rate-limiting right
coronary artery stenoses the sampling catheter,
may not accurately reflect ischaemia in the
territory of the right coronary artery." This
may partly account for our failure to detect
lactate production in these seven patients. The
only patient in group 2 who had coronary
disease and electrical evidence of anterior
ischaemia during pacing (patient 1, ST depres-
sion > 1 mm in leads I, II, aVL, V2-6) had
complete occlusion ofthe right coronary artery.

PLASMA CONCENTRATIONS OF
MALONDIALDEHYDE DURING PACING

Malondialdehyde concentrations before pac-
ing, like the basal lactate extraction, were

significantly higher in group 1 (lactate
producers) than in group 2 (lactate extractors)
in both the aorta and coronary sinus (table 3).
The values in group 1 but not in group 2 were

significantly higher than the peripheral venous

blood concentrations in a group of 16 normal
subjects (18 5 (1-4) ymol/l: 2p = 0004 v aorta,
2p = 0-006 v coronary sinus). At all three
subsequent sampling times, except in the aorta
5 minutes after pacing, this difference was

maintained. Additionally, 5 minutes after pac-
ing there was a significant increase in coronary
sinus concentrations in group 1 after the end of
pacing compared with baseline (fig 1). In
contrast, there were no significant changes with
time in the coronary sinus concentrations in

group 2 or in the aorta in either group. This

resulted in the generation of a negative malon-
dialdehyde extraction ratio 5 minutes after
pacing in group 1 that differed significantly
from the positive ratio present in group 2 at the
same time (fig 2).

Discussion
Incremental pacing to provoke myocardial
ischaemia in resting patients with coronary

artery disease partly avoids the complicating
and unpredictable systemic metabolic effects of
exercise stress.'6 Because pacing produces
regional rather than global ischaemia, however,
problems remain with the assessment of bio-
chemical changes in ischaemic myocardium by
sampling of the coronary effluent. Thus large
changes in the ischaemic area may be masked
by the diluting effect of venous effluent from
non-ischaemic areas.4 17 We chose to sample 30
seconds after the end of pacing because this is
the time of maximum washout of toxic
ischaemic metabolites from the myocardium.'8
The sample taken 5 minutes after pacing was

added to try to identify lipid peroxidation
occurring as a result of continuing reoxygena-
tion of the previously ischaemic heart.
There are several potential sources ofoxygen

derived free radicals during human myocardial
ischaemia/reperfusion. Ischaemia itself may

produce cytotoxic free radicals as a result of
reactions involving mitochondrial electron
transfer'9 or after catecholamine degradation
by monoamine oxidases, auto-oxidation or,
what is more likely at physiological pH, metal
catalysed oxidation.202' The univalent reduc-
tion ofoxygen by activated neutrophils, though
an important source of radicals'22 is probably
not relevant in transient ischaemia, because it is
likely that the chemotactic factors required to
promote neutrophil migration into ischaemic
tissue require several hours for full expres-
sion.23 In separate studies, we found no

Table 3 Plasma concentrations of malondialdehyde during pacing (/imol/l)

Aorta Coronary sinus

Group I Group 2 95%10 CIt Group I Group 2 95%, CIt

Baseline 26-2 (1-9)* 20 4 (1-8) 0-4-12-0 25-6 (1 6)* 20 6 (1-6) 0 1-10 0
Peak heart rate 26 0 (1-9)* 20 4 (1-7) 0-2-12-0 26-2 (1 5)* 20 4 (1-5) 1-2-10 0
30 s post pacing 25 4 (1 5)* 20 2 (1-5) 08-10-0 28 2 (2.2)* 20 4 (1-8) 18-14 0
5 min post pacing 26-6 (2-4) 23-2 (2 2) -04-10 0 29 2 (1-8)* 21 8 (2-4) 10-14-0

*2p < 0;05 compared with group 2.
t95% confidence intervals for the difference in mean values (unequal variance).
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Figure 1 Plasma
concentrations of aortic
and coronary sinus
malondialdehyde during
pacing. *2p < 005
compared with baseline.
MDA, malondialdehyde;
HR, heart rate.
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evidence of granulocyte activation as measured
by aggregation after pacing induced ischaemia
(unpublished observations). Reperfusion
accelerates the production of oxygen derived
free radicals by supplying a large substrate pool
of molecular oxygen. The action of endothelial
xanthine oxidase on purine metabolites
accumulated during ischaemia is another possi-
ble system for generating radicals,' 222 though
its relevance has been questioned by workers
who were unable to show significant xanthine
oxidase activity in human myocardium.242s
Whatever their source, these oxygen radicals
peroxidise polyunsaturated membrane lipids,
damaging their structure and function, a

process which in itself generates further free
radicals.6 Additionally, the activity of superox-
ide dismutase and glutathione peroxidase, two
major mammalian intracellular radical scaven-

gers, is reduced by hypoxia.26 27 So free radical
mediated cell damage is possible during any
sequence of ischaemia/reperfusion and there is
also at least some potential for autocatalysis/
self-perpetuation.
Malondialdehyde is one ofmany products of

lipid peroxidation. The reaction between
thiobarbituric acid and malondialdehyde
produces a pink colour which can be measured
by spectrophotometry. This assay has been
used to study circulating lipoperoxides in many
diseases.'52829 The particular variation of the
assay that we used gives higher values than
those reported for other methods because it
measures both pre-existing malondialdehyde
plus whatever other substances give rise to
malondialdehyde during the assay-that is in
vitro and in vivo.'5 In addition, several

Figure 2 Malondialdehyde
extraction ratios during
pacing. *2p < 0 05
compared with group 2.
See legend to fig I for
abbreviations.
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chemical species other than malondialdehyde
tan react with thiobarbituric acid to produce a
pink to red colour.' This relative lack of
specificity has been criticised, but malondial-
dehyde does seem to be produced in relatively
constant proportion to the rate of lipid perox-
idation,31 and thus when all the samples from
one patient are assayed simultaneously the
results should reflect the degree of peroxida-
tion at the time each sample was obtained.
We showed that patients with coronary

artery disease who produce lactate across the
myocardium during incremental cardiac pac-
ing also show an increase in the coronary sinus
concentration of malondialdehyde in the
period immediately after pacing. These latter
changes may develop as early as 30 seconds
after pacing and persist for at least 5 minutes.
They did not occur in patients who, irrespec-
tive of the presence of coronary artery disease,
continued to extract lactate during incremental
pacing. The time course of these changes is
consistent with the hypothesis that intracardiac
lipid peroxidation occurs even after brief
periods of regional myocardial ischaemia, pos-
sibly as part of reoxygenation injury mediated
by free radicals. For the technical reasons
outlined above we may have underestimated
the true degree ofintra-myocardial lipid perox-
idation.
The clinical relevance of the small though

none the less statistically significant changes we
did detect remains unclear. As indicated
earlier, it has not been possible to show consis-
tently the theoretically beneficial effects of
radical scavenging interventions in animal
models of myocardial ischaemia.2' Differences
in the dosage and time course ofadministration
of the agents used, -and in the duration of
occlusion/reperfusion may account for some of
the variability in the results of these studies. In
any case, the inability to modify ischaemic/
reperfusion damage with such interventions
does not necessarily mean that free radicals are
without pathogenetic significance. Indeed,
lipid peroxides are known to be prothrombotic
through effects on the coagulation system32 and
platelets,33 and this could clearly have a role in
coronary heart disease.4 Furthermore, the per-
sistence of regional left ventricular dysfunction
("myocardial stunning") for several hours after
brief ( < 20 minutes) periods of coronary artery
occlusion35 and the same phenomenon after
exercise induced and completely reversible
myocardial ischaemia in dogs,36 may be the
result of membrane lipid peroxidation
mediated by free radicals.20 If this could be
confirmed in humans, and the source ofthe free
radicals identified, the way would be open for a
thorough exploration of the potential
therapeutic role of free radical scavenging
agents and antioxidants in both acute and
chronic ischaemic syndromes.

This study was supported by a British Heart Foundation grant.
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